We investigate the interplay between geometrical lattice resonances and surface plasmons mediating the emission of Smith-Purcell visible light via angle-resolved cathodoluminescence spectroscopy. We observe strong modulations in the dispersion curves of Smith-Purcell radiation (SPR) when they intersect the surface plasmons of silver gratings using a 200-kV transmission electron microscope. The decay of the plasmons away from the grating is directly probed by controlling the electron-beam position relative to the sample surface with nanometer precision. Our measurements are in excellent agreement with numerical simulations, clearly revealing the presence of characteristic Fano profiles resulting from the interference of the light continuum and the discrete plasmon states for each direction of emission. The intensity anomaly in the SPR emission pattern can be well explained from the geometrical consideration of the intersections between the dispersion planes of the SPR and surface plasmon polariton (SPP). A strong and directional SPR beam can be realized under the condition that the SPR dispersion plane comes in contact with the band edge of the SPP dispersion plane.
I. INTRODUCTION
Smith-Purcell radiation (SPR) [1] is produced when an electron moves parallel to a grating as a result of the interaction between the evanescent electromagnetic field of the electron and the periodic corrugation of the grating. In a Huygens-like picture, light is emitted along directions of constructive coherent superposition, taking into account the delay in the signal produced from consecutive grooves due to the finite electron velocity. The wavelength of SPR continuously changes with emission angle, and thus, it holds great potential for tunable light sources in a wide spectral range from the UV to the THz domains. This effect can be explained from classical electrodynamics, describing the electron as a point charge [2] [3] [4] [5] . An interesting extension is observed when the beam is bunched, so that several electrons are placed together within a small region compared with the emitted light wavelength [6] [7] [8] [9] [10] . The SPR intensity is then proportional to the squared number of electrons, in contrast to conventional uncorrelated SPR, whose intensity scales linearly with the electron current. This superradiant emission is an underlying principle of free-electron lasers and it can be exploited to produce intense THz emission [7] , in good agreement with theoretical calculations [11, 12] . SPR emission has been also observed from photonic [13, 14] and plasmonic [15, 16] crystals with periods of the order of the light wavelength.
In contrast to the extensively investigated SPR in the THz domain, only a limited effort has been devoted to studying SPR in the visible region [17] [18] [19] . In metallic gratings, one expects the emission intensity to be enhanced by the excitation * yamamoto.n.ac@m.titech.ac.jp of surface plasmon polaritons (SPPs), which should provide increased coupling to the incident electrons. The spectral and electron-velocity dependence of the resulting emission has been recently analyzed [20] . In order to generate SPR with sufficient intensity, the electron beam needs to move close to the metal surface, within a short distance compared with the light wavelength. Under these conditions, one would expect a strong interference between the SPR emission and the excitation of SPPs, similar to what has been described in the literature for the radiative decay of SPPs in periodically modulated metal surfaces [21] [22] [23] [24] .
In this paper, we report the observation of strong interference between SPPs and SPR emission from one-dimensional (1D) silver gratings operating in the visible region. We present angle-resolved cathodoluminescence (CL) spectra acquired with a scanning transmission electron microscope (STEM) using electrons at various energies (from 90 to 200 keV) that are focused within a ∼10-nm beam near the sample. Our measurements are performed in the aloof configuration, with the beam passing outside the grating at a controlled distance from its surface. Emission dispersion diagrams, collected as a function of emission direction and light energy, display characteristic SPR profiles and strong interference with the SPPs of the sample, including Fano profiles. Our results are supported by boundary-element method (BEM) [25] numerical simulations in good agreement with experiment.
The paper is organized as follows. We first describe some details of the experimental measurements used to study the silver grating system in Sec. II. Then, we present and discuss the results of our experimental and numerical studies of the emission spectra for the gratings of different periods taken at various accelerating voltages in Sec. III. Finally, the main conclusions are summarized in Sec. IV. (b) Geometry of the angle-resolved measurement of Smith-Purcell radiation using a parabolic mirror. The specimen faces the mirror with its surface normal oriented parallel to the paraboloid axis z. The electron beam is incident along x. The cathodoluminescence (CL) emission is collected as a function of emission direction defined by angles θ and ϕ through a moving pinhole mask.
II. EXPERIMENTAL SETUP
The specimens consist of 1D InP gratings of periods 500, 600, and 800 nm patterned through electron-beam lithography and covered with a 200-nm silver layer evaporated in vacuum. A schematic cross section of the gratings is shown in Fig. 1(a) . The groove width is half the period and the depth is 350 nm in all cases. The specimens are oriented in the STEM with the electron beam nearly parallel to their surface and perpendicular to the grooves. As the sample length is ∼1 mm, it is slightly tilted (<1
• ) to allow the electron to interact with a sufficient number of grating periods close to one of the ends of the sample surface, while minimizing the fraction of beam electrons directly colliding with the metal. The microscope is equipped with a parabolic mirror placed above the specimen and adjusted to have its focus at the region of beam-grating interaction [see Fig. 1(b) ]. The mirror used is 10 mm in width and 5 mm in height. A polarizer selects light emitted with its electric field perpendicular to the grooves. The emission measured with the orthogonal polarization (not shown) is featureless and comparatively much weaker. In what follows, we refer to the axes notation shown in Fig. 1(b) and define θ and ϕ as the emission angles relative to x (the beam direction) and z (the grating normal) axes, respectively. For an angle-resolved measurement, the light emitted from the sample is collected by a charge-coupled device (CCD) detector, with the direction specified by angles θ and ϕ selected through a movable mask, that is located between the polarizer and CCD detector and can be moved in a plane perpendicular to the z axis (XY stage), and perforated by a small hole (solid angle 1.2×10 −2 sr at θ = 180
• and 5×10 −2 sr at θ = 90 • ). A single lens is used for transforming an emission image on the mirror into a mask plane. In order to measure the emission intensity pattern of the angle-resolved spectrum (ARS) which shows variation with emission angle θ and photon energy E, i.e., I (E,θ), the mask is moved vertically along the x axis under the condition of ϕ = 0
• . In this case, the differential intensity d 2 I/dωdθ of the collected angle-resolved spectra is corrected for the dependence of detection efficiency on photon energy ω. The spectral resolution of the CCD detector is typically 2 nm in wavelength. 
III. RESULTS AND DISCUSSION
where ω is the light frequency, d is the grating period, υ (=0.7c at 200 keV) is the electron velocity, and the emission order n indicates the number of optical periods that separate the signal produced from consecutive grooves. Different orders are clearly observed in each dispersion plot. Surface plasmon polaritons can be excited by the incident electron beam when it passes near the metal surface in the aloof configuration. The excitation of SPPs may affect the SPR emission. In order to explore this phenomenon, we consider the SPP dispersion relation in a flat silver surface [26] 
, where is the metal dielectric function. Scattering of SPPs by the grating can add momentum to the left-hand side of this equation in units of 2π/d. In the limit of weak scattering, this leads to an infinite series of SPP dispersion curves separated along k x by multiples of 2π/d and shown in Figs. 2(d)-2(f) as green curves. The actual SPP dispersion curves will be corrected by dynamical interaction effects such as gap openings at the Brillouin-zone boundaries, but the weak-scattering limit provides an intuitive tool to understand the experiment. Indeed, as we move along each SPR emission line (blue), we observe strong intensity modulations near the crossings with SPP curves (green), thus revealing the presence of strong interaction between SPPs and SPR.
In order to understand the SPP-SPR interaction, we perform BEM simulations corresponding to the geometry depicted in Fig. 1 with parameters mimicking those of the experimental geometry (impact parameter b = 10 nm, groove depth h = 350 nm, and ridge edge rounding radius r = 25 nm), and the dielectric function of silver taken from optical data [27] . We consider a grating consisting of ten periods. The modulations produced by SPPs in the SPR emission can be understood in terms of Fano interference [13, 28] . A system formed by a discrete state that is coupled to a continuum of states can be diagonalized exactly to produce a modified continuum, whose excitation follows a family of universal Fano profiles that are characterized by a dip-peak structure near the energy of the discrete state [28] . In our case, when considering the emission along one of of SPR lines of the dispersion diagrams, the continuum consists of the propagating photon states along that line, whereas the discrete state is supplied by the SPP mode that crosses the SPR line along a single point. We present an example of Fano interference in Figs. 2(e) and 2(h), where we represent the intensity along the AB line of the density plots (insets). A dip-peak asymmetric Fano profile is clear in the theory curve and also visible in the experimental one, which is however affected by surface imperfections and the beam profile near the sample. Fig. 3(b) ], constructed by rastering the beam over the sampled area, shows that the photon emission quickly drops when moving towards the vacuum side, to the right of the incident beam position used in Fig. 3(a) , which is marked by a dot. We explore the spectral distribution of this drop in emission by collecting ARS as a function of beam position along the AB segment of Fig. 3(b) . The results are shown in Figs. 3(d)-3(f) for three different directions of emission, indicated by vertical dashed lines in Fig. 3(a) . The additional faint contrast appears as indicated by a white arrow in Fig. 3(a) . The additional feature due to the double-period SPR noted above is indicated by white arrows at energy positions that are consistent with Fig. 3(a) . Their intensity distribution is localized near the surface. In all cases, the emission peaks are rather independent of beam position. Interestingly, electrons traversing the groove edges (negative beam positions) still produce SPR emission, with a depletion observed right at the surface, possibly connected to the slight tilting of the sample mentioned above.
In aloof interaction (beam above surface), the intensity decays exponentially with beam-surface distance z. length L is represented in Fig. 3(c) , as extracted from the energy features observed in Fig. 3(d) (squares), Fig. 3 (e) (circles), and Fig. 3(f) (triangles) [i. e., the intensity is fitted by a function e −(z−z 0 )/L to the right of the maximum at z = z 0 ]. This effect is due to the exponential drop in the electromagnetic field intensity produced by the electron, which extends a characteristic distance [29] 
from the beam, where γ is the Lorenz contraction factor, which cannot be neglected at the 200-keV energies used in the experiment (γ = 1.4). This linear relation between the light wavelength λ and L is in excellent agreement with experiment, as show in Fig. 3 
(c) (solid line). Figures 4(a)-4(j)
shows monochromatic emission patterns from the d = 800-nm grating taken at 200 keV by scanning the pinhole mask in the mirror image plane, presented at various photon energies from (a) 1.92 eV to (j) 2.8 eV. The emission pattern corresponds to the SPR of the order of n = −3. In  Figs. 4(h)-4(j) , the emission pattern due to the SPR of the order of n = −4 also appears at the higher angle position. Figure 4(k) shows the panchromatic emission pattern observed by the CCD camera under the same condition, together with the contour lines of the emission angles (θ,ϕ). In the monochromatic emission patterns, the emission intensity appears along the contour line of the polar angle θ (downward arc-shaped contrasts). The emission starts to appear at θ = 180
• in Fig. 4(a) , shifting to the lower angles with increasing energy, and gradually disappears after reaching the contour at θ = 90
• . On the other hand, in Fig. 4(k) , upward arc-shaped contrasts and streak contrasts appear in the range θ from 135
• to 90
• . The interference condition for the SPR can be written as
Light cone E h -n -p l a n e 0 -nG where k is the wave vector of the emitted light, k e is the wave vector parallel to the electron trajectory with a magnitude of ω/υ, and d is the vector parallel to the x axis with a magnitude of the period d. Figure 5(a) illustrates the dispersion plane (h n plane) of the nth SPR in the E−k space, where the emission occurs on the dispersion plane inside the light cone indicated by blue color. The SPRs with an equal energy arise along the red line in the blue region. If the photon energy of the SPR is the same, i.e., ω = const, it follows that
and thus the x component of k, k x , is constant. The wave vectors with constant k x are placed on the cone plane in the k space as shown in Fig. 5(b) . This means that the SPR with constant energy emits to the directions of the constant polar angle θ in the real space as shown in Fig. 5(c) , which produces the downward arc-shaped contrast in the monochromatic emission pattern in Fig. 4 . The intensity changes monotonically along the arc in the range of θ from 180
• to 135
• , where the SPR shows rather homogeneous distribution in the panchromatic emission pattern in Fig. 4(k) .
In the range of θ from 135
• , the intensity distribution along the arc becomes inhomogeneous as seen in Figs. 4(e)-4(j). The intensity modulation along the arc arises at the cross positions with the downward arc-shaped contrasts and the streak contrasts seen in Fig. 4(k) . This modulation is considered to be attributed to the interaction between the SPR and SPP as mentioned before. Figure 5(d) represents the configuration of the SPR dispersion plane (h −3 plane) and the SPP dispersion plane in the E−k space. The dispersion plane of the SPP in the periodic structure can be approximated by a set of dispersion planes obtained from a single coneshaped dispersion plane of the SPP on a flat surface by shifting the SPP dispersion cone by the reciprocal-lattice vectors (the empty lattice approximation) [24] . Two dispersion planes emerging from the G and −2G reciprocal-lattice points (S 1 and S −2 planes) are drawn in Fig. 5(d) together with the light cone colored in red. The curve generated by the intersection of the h −3 dispersion plane of the SPR and the SPP dispersion plane emerging from the G point (the S 1 plane) is indicated by a pink line, which corresponds to the upward arc-shaped contrast in Fig. 4(k) . Figure 5 (e) shows the dispersion curves of the SPR and SPP on the E − k x cross-sectional plane in Fig. 5(d) for the d = 800-nm grating and 200-keV incident beam. The calculated value of the polar angle is θ = 118.6
• at ϕ = 0
• on the intersection line [the position a in Fig. 5(e) ], that is in good agreement with the position of the upward arc-shaped contrast in Fig. 4(k) . The other upward arcs in Fig. 4(k) can correspond to the intersection of the S 1 plane with the SPR dispersion planes of different order.
The S 1 and S −2 planes produce a band gap along their intersection line (the red curve) at the Brillouin-zone boundary (k x = −G/2) as shown in Fig. 5(d) . Strong interaction with the SPR can be expected to occur at the band edge because of the high density of states (DOS) of the SPP. Such positions are indicated by red spots at the crossing points of the pink and red curves in Fig. 5(d) , corresponding to the position b in Fig. 5(e) . The calculated values of these positions are (θ,ϕ) = (106.4
• , ±45.7 • ), which coincide with the positions of the strong streak contrast in Fig. 4(k) . The streak pattern is considered to arise along the intersection between the SPR dispersion plane and the SPP dispersion plane (the S −2 plane) near the band edge. These facts clearly indicate that the intensity modulation along the SPR dispersion line originates from the interaction between the SPR and SPP.
The inclination of the SPR dispersion plane in the E−k space changes with velocity of the incident electron according to Eq. In Fig. 7(a) the SPR dispersion plane of n = −3 (the h −3 plane) intersects the crossing point of the S 1 and S −2 SPP dispersion planes (red arrow); the position corresponds to the band edge as indicated by the point c in Fig. 5(e) . The polar angle at the point c is calculated to be θ = 110.4
• , which is in good agreement with the strong beam position in Fig. 6(b) . In Fig. 7(b) , the SPR dispersion plane of n = −4 (the h −4 plane) intersects the crossing point of the S 1 and S −3 SPP dispersion planes, the position of which corresponds to the polar angle of θ = 123.9
• and coincides with the position of the directional beam in Fig. 6(d) . These facts indicate that the SPR is enhanced as a strong and directional beam under the condition that the SPR dispersion plane comes in contact with the SPP band edge at the Brillouin-zone boundary.
The observed intensity modulation along the SPR dispersion line originates from the interaction between the SPR and the backward SPPs such as those along the S 1 dispersion line in Fig. 2 only the anomaly in the forward directions of 0
• < θ < 90
• due to the interaction with the forward SPPs, because the incident electron can directly excite SPPs propagating in the forward direction. However, such emission anomaly was not observed in the backward emission patterns in Figs. 2 and 7 ; the emission induced by the excited SPP through the metal grating should occur along the SPP dispersion lines (the green lines in Figs. 2 and 7 ), though such emission is not seen in the figures. One reason is that the emission from the SPP in the 1D plasmonic crystal with a rectangle cross section becomes weak when the corrugation height exceeds 200 nm [31] . In addition, there is very small probability for the aloof incident electron to directly excite the backward SPP in the grating, so the emission along the S 1 dispersion line should not appear as was observed in Figs. 2 and 7 .
Only the emission along the dispersion lines of the forward SPPs shifted by the reciprocal-lattice vectors such as the S −2 dispersion line can contribute to the backward emission. In fact we observed the SPP induced emission along the S −2 dispersion line using a grating with a corrugation height of 100 nm, though the emission along the S 1 dispersion line was not observed. Therefore we can conclude that the excitation of the SPR by the incident electron is accompanied by the interaction with the backward SPP which is simultaneously excited at the crossing point of their dispersion lines. The BEM calculation treats this process correctly as it well reproduces the intensity anomaly along the SPR dispersion lines.
IV. CONCLUSIONS
In conclusion, we have observed that the interaction between SPPs and SPR leads to Fano profiles along the direction of constructive emission, characterized by a dip-peak structure, in good agreement with electromagnetic simulations. In the aloof configuration, with the electron moving at a distance from the grating surface, the electron is still capable of interacting with the grating, and the predicted decay length of the electromagnetic intensity of the electron ∼γ υ/2ω is shown to be in excellent agreement with experiment. The intensity anomaly in the SPR is well represented in the monochromatic and panchromatic emission patterns, which can be explained from the geometrical consideration of the intersections between the dispersion planes of the SPR and SPP. A strong and directional SPR beam can be realized under the condition that the SPR dispersion plane comes in contact with the band edge of the SPP dispersion plane.
